Most acute kidney injury observed in the hospital is defined by sudden mild or moderate increases in the serum creatinine concentration, which may persist for several days. Such acute kidney injury is associated with lower long-term kidney function. However, it has not been demonstrated that an intervention that reduces the risk of such acute kidney injury better preserves long-term kidney function.
tients to develop less severe acute kidney injury in the hospital (ie, a ≥50% increase in serum creatinine concentration that may persist for several days before returning back to a concentration that predated the acute kidney injury). Up to 30% of patients develop less severe acute kidney injury after cardiac surgery, while 1% require acute dialysis. 3 The effects of mild or moderate acute kidney injury on long-term kidney function are not clear. Animal studies suggest a causal link between acute kidney injury and long-term kidney function loss, mediated by microvascular damage, reduced capillary density, and chronic renal hypoxia. [4] [5] [6] Several human observational studies demonstrate a robust association between mild or moderate acute kidney injury and kidney function loss as early as 3 months after the injury. [7] [8] [9] However, it has not been proven in any trial that an intervention that reduces the risk of acute kidney injury better preserves longer-term kidney function. For this reason, we studied acute kidney injury in the setting of a trial of coronary artery bypass graft (CABG) surgery performed with either a beating-heart technique (off-pump) or cardiopulmonary bypass (on-pump). 10 Compared with onpump, we expected off-pump CABG surgery to reduce the risk of postoperative acute kidney injury, 11, 12 and if correct, aimed to determine if there was a difference in kidney function between the 2 groups 1 year later.
Methods

Study Design and Setting
The randomized clinical Coronary Artery Bypass Grafting Surgery Off-or On-pump Revascularisation Study (CORONARY) compared patients undergoing their first isolated CABG surgery using the off-pump or on-pump technique. 13 A central telephone randomization service was used to assign 4752 patients at a 1:1 ratio to 1 of the 2 surgical groups from November 2006 through November 2011 (randomization stratified by site).
Results from CORONARY have been published. 14, 15 There was no significant difference between the 2 groups on the composite outcome of death, nonfatal myocardial infarction, stroke, or new dialysis for kidney failure within 30 days or 1 year postrandomization (30 days: 9.8% for off-pump vs 10.3% for onpump CABG surgery; 1 year: 12.1% vs 13.3%, respectively). 14, 15 Similarly, none of the outcome components differed between the 2 groups, and there was not a significant difference in the rate of coronary revascularization within 1 year (1.4% for off-pump vs 0.8% for on-pump CABG surgery).
The prespecified protocol and analysis plan for this CORONARY kidney function substudy was published. 10 After receipt of grant funding for this substudy, 63 of 79 study sites participated in the protocol, which required additional serum creatinine concentrations to be measured and recorded in new enrollees. Regional ethics boards approved additional kidney data collection in centers that agreed to study participation, and all patients provided informed consent. Each site randomized their first consecutive patients into the protocol between January 2010 and June 2011. Thus, 1777 of 4752 enrollees from CORONARY were not assessed for kidney function substudy eligibility (1336 from participating sites prior to substudy initiation, and 441 from nonparticipating sites).
Patients
The overall eligibility criteria for CORONARY have been published (eMethods in Supplement). 14 As per the CORONARY kidney function substudy protocol, patients were not eligible for participation if they had end-stage renal disease prior to randomization because the assessment of acute kidney injury is no longer relevant (estimated glomerular filtration rate [GFR] <15 mL/min/1.73 m 2 or receipt of chronic dialysis), or if they were missing a prerandomization serum creatinine concentration because this is needed to define acute kidney injury. Baseline characteristics were similar between all patients in the CORONARY trial and those in the kidney function substudy (minor differences appear in eTable 1 in Supplement).
Outcomes
The primary postoperative acute kidney injury outcome was evidence of a 50% or greater increase in the serum creatinine concentration from the prerandomization (preoperative) value within 30 days of CABG surgery. The prerandomization serum creatinine concentration was obtained in the 7 days prior to randomization. Postoperative serum creatinine measurements were collected while the patient was still in the hospital as per routine care at each participating site. In the primary analysis, the highest serum creatinine concentration collected within 30 days after surgery was used to determine whether acute kidney injury was present or not. The primary outcome of loss of kidney function at 1 year was determined by a 20% or greater loss in estimated GFR from the prerandomization value, in which a serum creatinine concentration at 1 year was measured and recorded as part of the kidney function substudy protocol. The last 1-year serum creatinine concentration was recorded on January 18, 2013. We calculated estimated GFR using the Chronic Kidney Disease Epidemiology Collaboration equation, with knowledge of black race (<0.1% of patients). 16 
Statistical Analyses
The analysis was performed according to the prespecified protocol, with any deviations justified (eTable 2 in Supplement). We conducted all primary analyses according to the intentionto-treat principle and used SAS version 9.2 (SAS Institute Inc) for all statistical analyses.
We used mixed-effects logistic regression, considering center as a random effect (randomization stratum), and expressed the treatment effect as a relative risk (RR) derived from this model. 17 We conducted a nonparametric analysis of covariance to report the continuous 30-day perioperative percentage change in serum creatinine concentration (residual variance was not constant), 18, 19 and a parametric analysis of covariance to report estimated GFR at 1 year, treating center (randomization strata) as a fixed effect. In adjusted analyses, fined by prerandomization chronic kidney disease. 20 A P value of .05 or less was interpreted as significant for both the test for interaction and the alternately defined kidney outcomes if concordant with the primary results. With the enrollment of 2932 patients, there was more than 80% power to detect a 25% RR reduction in a 20% or greater loss in estimated GFR at 1 year (assumptions: 2-tailed α level of .05 and 10% loss to measurement). A sample of 1800 patients provided 80% power to detect a 4% or higher difference in the percentage change in 1-year estimated GFR between the 2 groups (details appear in protocol 10 ).
For our primary method of imputing missing serum creatinine values, we carried forward the prerandomization serum creatinine concentration for missing 30-day or 1-year values (eTable 3 in Supplement lists deaths and other reasons for missing measurements). We imputed an estimated GFR value of 5 mL/min/1.73 m 2 at 1 year for any patient who developed end-stage renal disease (≥3 months of continuous dialysis), or who died shortly after receipt of acute dialysis for severe acute kidney injury (eTable 3 in Supplement). All other baseline and follow-up data were complete.
Results
Patients
Among the 2975 consecutive patients enrolled in CORONARY and assessed for kidney function substudy participation, 43 were ineligible due to prerandomization end-stage renal disease (1.3% patients; n = 18 in off-pump and n = 21 in onpump CABG surgery group) or a missing serum creatinine value prior to surgery (0.13% patients; n = 1 in off-pump and n = 3 in on-pump CABG surgery group). Thus, 2932 patients (from 63 sites in 16 countries) participated in the kidney function substudy. Of these, 1472 patients were randomly assigned to offpump and 1460 to on-pump CABG surgery. All randomized patients received CABG surgery and the median time from randomization to surgery was 1 day (interquartile range [IQR], 1-2 days). Baseline characteristics are presented in Table 1 . With respect to crossovers between the groups, 102 of 1472 patients (6.9%) assigned to off-pump CABG surgery actually underwent on-pump CABG surgery, and 105 of 1460 patients (7.2%) assigned to on-pump underwent off-pump CABG surgery. The timing of and reasons for the crossovers in all CORONARY participants are reported elsewhere. 14 Even though the characteristics of patients differed based on who did and who did not provide a 1-year creatinine measurement (eTable 4 in Supplement), there was no evidence of differential ascertainment of the primary outcomes between the 2 groups (eTable 3 in Supplement).
More than 90% of eligible patients had their 1-year serum creatinine concentration recorded as per protocol. In both groups, the median time postsurgery to the date of the 1-year serum creatinine measurement was 1.0 year (IQR, 1.0-1.1 years), the hospital length of stay was 7 days (IQR, 6-9 days), and the number of postoperative serum creatinine measurements was 5 (IQR, 3-7). Similarly, the 2 groups did not differ during follow-up in their use of medications that affect kidney function or its measurement (eTable 5 in Supplement). The median time was 2 days (IQR, 1-4 days) after surgery for the highest serum creatinine value used to define acute kidney injury within 30 days after surgery, and 90% of the 561 acute kidney injury events occurred within 7 days after surgery. Table 2 ). Observed RRs were consistent when the data were reanalyzed using multiple alternate definitions of acute kidney injury, and a composite outcome of acute kidney injury or death ( Table 2 The mean percentage increase in serum creatinine concentration was 28% (SD, 59%) with off-pump vs 33% (SD, 63%) with onpump CABG surgery (mean difference between the groups, −5% [95% CI, −10% to −1%], P = .02; eFigure 1 in Supplement). The median percentage increase in serum creatinine concentration was 14% (IQR, 0% to 37%) with off-pump vs 19% (IQR, 3% to 43%) with on-pump CABG surgery. The mean absolute increase in serum creatinine was 24 (SD, 50) μmol/L with off-pump vs 29 (SD, 56) μmol/L with on-pump CABG surgery (mean difference in the absolute change, −6 μmol/L [95% CI, −9 to −2 μmol/L], P = .005). The median absolute increase in serum creatinine concentration was 11 μmol/L (IQR, 0 to 31 μmol/L) with off-pump vs 18 μmol/L (IQR, 2 to 35 μmol/L) with on-pump CABG surgery. In survivors, using the most recent available serum creatinine value prior to hospital discharge, most patients with acute kidney injury no longer met the definition (ie, serum creatinine concentration at discharge <150% preoperative value: 169/236 [72%] with off-pump vs 180/280 [64%] with on-pump CABG surgery; χ 2 P = .08).
Postoperative Acute Kidney Injury
Kidney Function Loss at 1 Year
The mean estimated GFR at 1 year was 72 (SD, 19) Table 3 ). A nonsignificant result was consistent when the data were reanalyzed using multiple alternate definitions of kidney function loss, a composite outcome of kidney function loss or death, or an outcome that required a patient to have both postoperative acute kidney injury and kidney function loss at 1 year ( 
Subgroup Analysis of Preoperative Chronic Kidney Disease
The RR of acute kidney injury with off-pump vs on-pump CABG surgery was lower in those with preoperative chronic kidney disease than in those without chronic kidney disease (P = .01 for interaction; Table 4 ). The absolute risk reduction of acute kidney injury with off-pump vs on-pump CABG surgery was greater in those with chronic kidney disease (−11.0% [95% CI, −17.4% to −4.6%]) compared with those without chronic kidney disease (−1.1% [95% CI, −4.2% to 2.1%]). The RR for off-pump vs on-pump CABG surgery and kidney function loss at 1 year remained nonsignificant in those with and without chronic kidney disease (P = .58 for interaction; Table 4 ).
Results were consistent when the data were reanalyzed using multiple alternate definitions of acute kidney injury and kidney function loss (eTable 7 in Supplement).
Complete Case As-Treated Analysis
The results from a complete case as-treated analysis (restricted to patients with complete serum creatinine measurements and who received their allocated type of CABG surgery) were consistent with the intention-to-treat results (eTable 6 in Supplement). Abbreviation: CABG, coronary artery bypass graft. a This is the referent group.
Observational Cohort Analysis
b Calculation described in "b" footnote in Table 2 .
c Adjusted for 9 covariates and stratified by center (Methods section and eTable 2 in Supplement). d A rank-based assessment of death or kidney function loss was also performed (detailed in BMJ Open. 2012;2:e001080). There was no evidence that on-pump vs off-pump CABG surgery resulted in better kidney function at 1 year. e Defined in the primary analysis as a 50% or greater increase in serum creatinine concentration within 30 days of surgery (increase from prerandomization value).
Discussion
In this study of almost 3000 patients, off-pump relative to onpump CABG surgery reduced the risk of postoperative acute kidney injury by 17% (95% CI, 5%-28%). In a recent metaanalysis of 22 prior randomized controlled trials (total of 4819 patients), off-pump vs on-pump CABG surgery reduced the RR of postoperative acute kidney injury by 40% (95% CI, 16%-57%). 12 Therefore, convincing evidence now exists that off-pump CABG surgery reduces the risk of mild to moderate acute kidney injury. The relative and absolute risk reduction appears greatest in patients with preoperative chronic kidney disease. However, it remains unproven in a randomized clinical trial that an intervention that prevents such acute kidney injury better preserves long-term kidney function. In CORONARY, a group of patients randomly assigned to off-pump vs onpump CABG surgery did not have better kidney function 1 year later despite having less mild to moderate acute kidney injury. Results were consistent across multiple definitions of kidney function, and in the subgroup with preoperative chronic kidney disease. We offer several possible reasons for this observed result.
First, a follow-up duration of 1 year may be too short. However, the association is robust at 1 year in prior observational studies. 21, 22 A between-group difference during longer follow-up may be unlikely if a benefit was not evident at 1 year. In CORONARY, there was slightly more (and not less) estimated GFR loss at 1 year with off-pump vs on-pump CABG. Second, errors with serum creatinine concentration as a measure of kidney function, particularly when collected once at baseline and at 1 year, may mean a true signal went undetected. A 20% loss of estimated GFR at 1 year is no substitute for the highly relevant outcome of end-stage renal disease (the latter was an infrequent event in CORONARY). Worldwide efforts to better standardize the serum creatinine assay have been ongoing during the last decade. 23 It remains likely that intraor interlaboratory variability contributed to measurement error in the difference between 1 year and baseline serum creatinine concentration in certain patients at some CORONARY sites. The baseline serum creatinine concentration in some patients in CORONARY could also be unstable from poor renal perfusion or recent contrast. Despite this, a reduction in acute kidney injury risk remained evident with off-pump vs onpump CABG surgery, and 30-day and 1 year results were no different after adjusting for urgent surgery. Third, the nonacute kidney injury effects of off-pump CABG surgery, or the differential care in follow-up between the off-pump and on-pump CABG surgery groups (such as nephrology visits, which were not assessed in CORONARY), may have counterbalanced the effect of acute kidney injury on long-term kidney function. However, there was no difference in primary trial outcomes (death, myocardial infarction, stroke) between off-pump and on-pump CABG surgery during 1 year. In addition, there were no differences between the 2 groups in secondary trial outcomes (eg, coronary revascularization, quality of life, or neurocognitive function). 15 We also observed no significant differences between the 2 groups in the use of diuretics and other medications. Fourth, the magnitude of acute kidney injury reduction with off-pump CABG may be too small and affect too few patients to have an effect on long-term kidney function for the entire group. Even though a larger risk reduction was desired, the effect observed in CORONARY (a 17% RR reduction) is similar in magnitude to proven interventions for acute conditions. 24 Off-pump CABG surgery is substantially different than on-pump CABG surgery, avoiding cannulation and cross-clamping of the aorta, cardioplegic arrest, bypass cir- ). In the primary analysis at 1 year, the prerandomization estimated GFR was carried forward for those who died during follow-up without a history of dialysis. The difference in outcome between the 2 estimated GFR groups was less pronounced when the secondary composite outcome of 20% or greater loss in estimated GFR or death was considered at 1 year (eTable 7 in Supplement). The result may also be partly explained by limitations in the use of serum creatinine concentration to reliably assess kidney function (more details in Discussion section).
chronic kidney disease. Multiple observational cohort studies demonstrate a robust association between mild to moderate acute kidney injury and long-term decrements in kidney function, which was also evident in CORONARY when analyzed as a prospective cohort. However, patients who develop acute kidney injury (vs those who do not) in nearly every observational study are sicker and have more comorbidity, which also contributes to the development and progression of chronic kidney disease. These factors confound some of the observed associations between mild acute kidney injury and the loss of long-term kidney function. 26, 27 Regardless of the reasons attributed to the observed 1-year kidney results from the CORONARY trial, the findings emphasize proof is needed to claim an intervention that reduces the risk of mild acute kidney injury better preserves long-term kidney function for the group that received it. This has implications for the development, testing, and use of interventions designed solely to prevent the degrees of acute kidney injury observed in CORONARY, and in determining acceptable adverse effects and costs of such interventions. An acute, nonsustained mild increase in the serum creatinine concentration is a surrogate outcome that may not directly influence how patients feel, function, or survive. The CORONARY results support the position of regulatory agencies such as the US Food and Drug Administration, which indicates that it will not approve an intervention simply because it prevents modest acute kidney injury. 28 Rather there must be proof that the intervention has an effect on long-term permanent kidney function (or other clinically meaningful events). This provides pause for interventions such as N-acetylcysteine and intravenous sodium bicarbonate, which have been broadly adopted because smaller trials 29, 30 demonstrated a reduced risk of modest acute kidney injury without proof of an effect on permanent kidney function. Our results also have implications for trials currently examining intervention effects on mild acute kidney injury without assessing long-term kidney function. 31 The limitations of the CORONARY trial have been reported. 14, 15 With respect to this kidney function substudy, it remains to be seen if findings similar to ours will be observed with other interventions that prevent single or recurrent episodes of acute kidney injury. Future trials should consider multiple measures of kidney function over time, both before and long after acute kidney injury occurs, examine trajectories of kidney function loss, and use new markers of kidney function or injury. Even though this information was sought in CORONARY, there were insufficient resources to reliably collect such measures within the efficient data collection schedule used in this large international trial. Also, consideration should be given to enrolling a greater number of patients with baseline chronic kidney disease, in which a causal relationship between acute kidney injury and longer-term kidney function may be most likely to be observed if it in truth exists.
Strengths of the kidney function substudy and the overall CORONARY trial are generalizable estimates derived from patients recruited from 63 centers in 16 countries, fidelity to the prespecified protocol, and use of a rigorous randomized trial method (eg, concealed allocation, blinded central adjudication of outcomes). There was no evidence of differential ascertainment of kidney outcomes in the 2 surgical groups, and more than 90% of eligible patients had their 1-year serum creatinine measurement recorded as per protocol.
